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SARCOPENIA IS A PROGRESSIVE decline in muscle mass and function that is common in humans over 60 yr of age; compromised muscle function increases the risk of injury and causes a predisposition to disability and mortality (1, 23) , making it a significant public health issue. Understanding of this agerelated disease and its underlying mechanisms has the potential to suggest means of preventing or reversing the process. Calorie restriction (CR), the consumption of fewer calories while maintaining adequate nutrition, mitigates aging and extends both health and life spans of a wide variety of experimental animals (21, 28) , and delays the onset and decreases the incidence and severity of a wide range of age-related diseases including cancer, cardiovascular diseases, and neurodegeneration (28) . In regard to sarcopenia, CR has been shown to attenuate the age-associated loss of muscle mass and function in rodents and nonhuman primates (3, 11) . CR is associated with mitigation of the age-induced decline in mitochondrial function and decreases the mitochondrial production of reactive oxygen species, which are the major determinants of oxidative damage in skeletal muscle cells (5) . However, the mechanisms by which CR preserves the skeletal muscle integrity during aging remain largely unknown. Given the pleiotropic ameliorating effects of CR on age-related physiological changes, understanding how CR modulates skeletal muscle physiology during aging will facilitate discovery of pathways involved in sarcopenia.
To date, studies exploring the effects of CR on tissues gene expression have relied on microarrays. Deep sequencing, a set of technologies that produce very large amounts of sequence data from nucleic acid specimens, is rapidly replacing microarrays as the technology of choice for measuring gene expression. High-throughput sequencing of cDNA libraries (mRNASeq) has superior ability to capture the scale and complexity of whole transcriptomes (24) . While array design relies on prior knowledge of the transcripts being interrogated, mRNA-Seq requires no design and allows discovery of new transcripts and identification of alternate splicing isoforms of known transcripts. Furthermore, microarray methods lack the dynamic range to detect and quantify low abundance transcripts, but deep sequencing can identify transcripts that are expressed at levels below the threshold of detection by microarrays (24) . In addition, deep sequencing eliminates background problems that result from cross-hybridization in microarrays, thus facilitating interpretation of the signal and obviating the nonlinear data manipulation steps required by microarrays. Therefore, the application of deep sequencing to mRNA studies has the potential not only to discover novel isoforms but also to provide accurate and sensitive measurement of mRNA levels and detect expression of rare but functionally significant mRNAs.
Given the advantages of deep sequencing over microarray platforms for gene expression analysis, and the fact that deep sequencing has not yet been applied to analysis of CR's effects on gene expression, we have used mRNA-Seq to conduct a deep characterization of mRNA expression and gene regulation in skeletal muscle from old mice compared with old mice subjected to a long-term CR. We have used mRNA-Seq results to predict biological processes regulated by the CR-induced changes in the muscle. This study has revealed the great complexity of CR-induced changes in mRNA expression and evidence that CR results in a range of changes in gene expression that are broadly consistent with CR's beneficial effects.
MATERIALS AND METHODS

Mice and Diets
One-month-old male mice of the long-lived B6C3F1 strain were purchased from Harlan (Indianapolis, IN). One week after arrival, mice were individually housed and randomly assigned to one of two groups, control or CR. Control mice were fed 93 kcal/wk of a defined control diet (AIN-93M, diet no. F05312, BIO-SERV). CR mice were fed 52.2 kcal/wk of a defined CR diet (AIN-93M 40% Restricted, diet no. F05314, BIO-SERV). The CR mice consumed ϳ40% fewer calories than the control group. The CR diet was enriched so that the CR mice consumed approximately the same amount of protein, vitamins, and minerals per gram of body weight as the control mice. All mice had free access to water. Mice were maintained at 20 -24°C and 50 -60% humidity with lights on from 0600 to 1800. Sentinel mice were kept in the same room as the experimental mice, and serum samples were screened every 6 mo for titers against 11 common pathogens. No positive titers were found during these studies. After 25 mo of CR treatment, mice were euthanized, and muscles that occupy the thigh (mainly quadriceps and adductor muscles) were rapidly excised and flash-frozen in liquid nitrogen. A group of control mice were euthanized at 7 mo of age and used as a young group in quantitative real-time polymerase chain reaction (qPCR) studies. Animal protocols were approved by the Institutional Animal Care and Use Committee of the University of California, Riverside.
mRNA-Seq Sample Preparation
Muscles that occupy the thigh (mainly quadriceps and adductor muscles) were excised, flash-frozen in liquid nitrogen, and ground to a fine powder under liquid nitrogen. We used muscles from one control and one CR mouse to generate 76-bp paired-end mRNA-Seq data. Total RNA was extracted from muscle tissue with RNeasy Mini (QIAGEN) including the optional on-column DNase digestion step. RNA integrity was confirmed using the Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA) according to the manufacturer's instructions. Poly(A)ϩ mRNA was purified from 10 g of total RNA, and fragmented (ϳ200 nt) prior to cDNA synthesis with random priming. The cDNA was converted into paired-end libraries using the Illumina mRNA-Seq Sample Prep Kit according to the manufacturer's protocol. The library preparation steps included end-repair, A-tailing, ligation of paired-end adapters, size selection and preamplification. Paired-end sequencing of the libraries was carried out using the Illumina GA II according to the manufacturer's instructions, using 76 cycles. Image deconvolution and quality values calculation were performed using the modules of the Illumina pipeline.
Tophat/Cufflinks Analysis of Sequencing Reads
Paired-end sequencing reads were aligned to the mouse reference genome (NCBI37/mm9) with Tophat v1.2.0 (29) using the default parameters with the exception of allowing up to 10 alignments to the reference for a given read, instead of the default value of 40. The data aligned by Tophat were processed by Cufflinks (30) to assemble transcripts and to measure their relative abundances in FPKM units (fragments per kilobase of exon per million fragments mapped). Assembled transcripts from control and CR muscle samples were compared with the RefSeq refFlat annotated transcriptome downloaded from the UCSC genome browser and tested for differential expression using the Cuffcompare and Cuffdiff utilities included in the Cufflinks package. Cuffdiff was run with FPKM upper-quartile normalization and a false discovery rate (FDR) threshold of 5%. Cufflinks calculates differential expression at the transcript, primary transcript, and whole gene levels. It also measures differential splicing and promoter usage and discovers novel isoforms of annotated genes. Analysis results were submitted to the National Center for Biotechnology Information's (NCBI's) Gene Expression Omnibus (GEO) database (GSE33863).
qPCR
Total RNA was extracted from thigh muscles of young control, old control, and old CR mice (n ϭ 4 for each group) with RNeasy Mini (QIAGEN) from frozen skeletal muscles, and was used to generate cDNA with the High Capacity cDNA RT Kit (Applied Biosystems) or the QuantiTect Reverse Transcription Kit (Qiagen). The cDNA generated with the High Capacity cDNA RT Kit was used to quantify mRNA levels using primers specific for fasn, igfn1, and gapdh. Primers were designed using Primer3Plus (31) , and the sequences are listed in Supplemental Table S11 . 1 All PCR primer sites span introns. PCR assays were performed in quadruplicate on an ABI 7900HT Real-Time PCR System using the default settings according to the manufacturer's instructions and using 2X Power SYBR Green PCR Master Mix (Applied Biosystems), with no-template and reverse transcriptase reactions as negative controls. Expression levels were determined using the standard curve obtained for each primer pair. The cDNA generated with the QuantiTect Reverse Transcription Kit was used to quantify mRNA levels using Qiagen QuantiTect Primer Assays specific for Acly, Cdkn1a, Dupd1, Fbxo32, Gadd45a, Myf6, Myl2, Ppp1r1a, Scd3, Tnnc1, Tnni1, Trim63, and Gapdh (Supplemental Table S11 ). The real-time PCR reactions were performed in triplicate with QuantiTect SYBR Green PCR Kit (Qiagen) on the CFX96 Real-time PCR system (Bio-Rad). The delta-delta comparative threshold method was used to determine the fold change between control and CR groups. All qPCR reactions were analyzed on agarose gels to ensure that products were of the predicted size, and dissociation curves of the PCR products were checked to confirm that a single product was amplified.
Western Blot Analysis
Total protein was extracted from skeletal muscle from old control and old CR mice (n ϭ 3 for each group). Approximately 60 mg of frozen skeletal muscle tissue were sonicated in 350 l of SDS buffer (50 mM Tris·HCl pH 6.8, 2% SDS, and 10% glycerol) for 20 s at output 7 (Sonifier Analog Cell Disruptor -model S-450A), and centrifuged at 16,000 g for 20 min. Supernatant was collected, and protein concentrations were determined by Pierce BCA Protein Assay Kit (Thermo Scientific). Proteins were separated by SDS-PAGE and transferred to PVDF membrane. We used antibodies against fasn and pan-actin from Cell Signaling and igfn1 from Santa Cruz Biotechnology. Pan-Actin antibody detects endogenous levels of total actin (all isoforms). Western blots were developed with Amersham ECL Advance chemiluminescence, using standard procedures.
RT-PCR
We used RT-PCR to validate the expression and splicing of novel exons. Total RNA extracted with RNeasy Mini (QIAGEN) from frozen mouse liver and muscle was used to generate cDNAs with the High Capacity cDNA RT Kit per manufacturer's instructions (Applied Biosystems). The cDNAs were used as templates for PCR amplification with HotStarTaq DNA Polymerase (QIAGEN) using the cycling program suggested by the manufacturer. The primers (Supplemental Table S11 ) were designed to cross the novel splice junctions predicted by Cufflinks. The same sets of primers were used with mouse genomic DNA as control. PCR products were analyzed on 2% agarose gels and fragment size was determined by comparison to a 100 bp DNA Ladder.
Functional Annotation of the Differentially Expressed Genes
To characterize biological processes affected by CR-induced mRNA expression changes, we used Gene Ontology (GO) and the functional annotation clustering feature of DAVID (15) to functionally annotate genes that were differentially expressed in the CR mouse muscle (genes listed in Supplemental Table S1 ) and genes that displayed isoform switching in the CR muscle without a change in total mRNA abundance (genes listed in Supplemental Table S9 ). We also used the clustering analysis to analyze the significance of KEGG pathways in our data. The functional annotation clustering tool measures the similarities among GO terms based on the extent of their associated genes and assembles the similar and redundant GO terms into annotation clusters. Each GO term in a cluster is assigned a Fisher Exact P value representing the degree of enrichment of the GO term in the input gene list. Each cluster is assigned an enrichment score to rank its biological significance. This enrichment score is derived from the geometric mean (in Ϫlog scale) of member's P values. Thus, a biologically significant cluster (high enrichment score) is generated only when most of its GO term members have significant enrichment values (low Fisher Exact P values). The resulting clusters were further curated to keep only GO terms with P values Ͻ 0.05.
Microarray Analysis of Mouse Atrophied Skeletal Muscle
MIAME-compliant raw data from Agilent whole genome arrays of skeletal muscle from control and mice with hind-limb suspension (22) were obtained from the GEO repository GSE9802. The arrays were analyzed with Bioconductor limma package to identify genes differentially expressed in atrophied muscle (27) . Limma uses linear models to analyze microarray experiments. Briefly, the intensity data were imported with implementing the "normexp" method with an offset of 1 to correct the background and a "quantile" normalization method to normalize between arrays. Replicate spots were averaged with the "avereps" function. Differentially expressed genes were obtained by fitting a linear model to the normalized data followed by computing empirical Bayes statistics. The P values were adjusted for multiple testing using Benjamini and Hochberg's method to control the FDR. Genes with FDR Ͻ0.05 were selected as differentially expressed. The differentially expressed genes were separated into two lists of upregulated and downregulated genes, which were then compared with the genes downregulated and upregulated by CR using a four-way Venn diagram.
RESULTS
Overview of mRNA-Seq Analysis
mRNA-Seq measures transcript abundance, determines differential gene expression between experimental conditions, and identifies the type of regulation (transcriptional or posttranscriptional) governing the changes in gene expression (30) . To investigate the effects of CR on gene expression and regulation in skeletal muscle, we used mRNA-Seq to analyze the transcriptome of skeletal muscle from 26 mo old control and CR mice. We isolated poly(A)ϩ RNA from each muscle sample, fragmented it to ϳ200 nucleotides, made randomly primed cDNA, and constructed Illumina sequencing libraries. The libraries were sequenced to obtain 76 bases of sequence at each end of each fragment; longer reads and paired-end reading facilitate the identification of splice sites and isoforms. We mapped the sequencing reads to the mouse genome (NCBI37/ mm9) using Tophat, which aligns reads across splice junctions without relying on known gene annotations. This approach allows identification of alternate transcription and splicing events that are not described by preexisting gene models. We obtained 23,269,244 and 19,191,332 properly paired reads for control and CR samples, respectively. The aligned fragments were assembled into transcripts by Cufflinks, which also estimates transcript abundances in FPKM. The assembled transcripts from control and CR muscle samples were compared with the RefSeq refFlat annotated transcriptome from the UCSC genome browser and tested for differential expression using the Cuffcompare and Cuffdiff utilities included in the Cufflinks package. Transcript assembly with Tophat in the absence of an annotated transcriptome reference, followed by re-estimation of the abundance of transcripts by Cuffdiff in the presence of an annotated transcriptome reference, classifies the assembled transcripts into known transcripts or novel isoforms of annotated genes. Cuffdiff also measures differential splicing and differential promoter usage.
Genes Differentially Expressed in the Aged Control and Aged CR Mouse Muscle
Cufflinks/Cuffdiff measured the differential expression at the transcript, primary transcript, and whole gene levels; expression levels of primary transcripts and genes were computed by summing the FPKMs of all transcripts derived from a primary transcript or within a gene. Selection criteria implemented in determining the significance of differential expression of whole gene, primary transcript or isoform were: 1) expression level Ͼ10 FPKM in at least one of the states (control or CR), 2) FDR Ͻ5%, 3) fold change Ն1.5. The 10 FPKM threshold was arbitrarily chosen as a very conservative upper bound on possible noise reads. Genes were annotated by comparing transcripts assembled by Cufflinks to the mouse RefSeq refFlat reference annotation. At the whole gene level, CR significantly changed the expression of 435 annotated genes (Supplemental Table S1 ); 171 genes were upregulated, and 264 genes were downregulated in the muscle from CR mice. An example of a gene induced by CR is fatty acid synthase (fasn) (Fig. 1) ; an example of a gene suppressed by CR is immunoglobulin-like and fibronectin type III domain containing 1 (igfn1) (Fig. 2) . We verified the CR-induced changes in the fasn and igfn1 mRNAs with qPCR in the same muscle samples used for the Illumina sequencing, and in additional muscle samples from aged control and aged CR mice, as well as young control mice. qPCR indicates that fasn expression did not change with age but was induced by CR (Fig. 3A) ; expression of igfn1 increased with age, but CR significantly suppressed the age-associated increase (Fig. 3B ). Igfn1 is specifically expressed in skeletal muscle and has been reported to be highly upregulated in atrophied muscle (20) . The increased expression of igfn1 with age and its suppression by CR suggest that CR may oppose age-associated sarcopenia. Western blotting showed CR-induced changes at the protein level consistent with changes in levels of fasn and igfn1 mRNA in the old control and CR mice (Fig. 3C ).
Novel mRNA Isoforms Detected in the Skeletal Muscle of Control and CR Mice
Since mRNA-Seq can discover novel exons and their associated splice junctions (30), we analyzed our data to identify CR-associated differential expression of alternative transcript isoforms. We considered only those novel transcripts whose expression was significantly altered by CR and identified 871 novel isoforms of known transcripts annotated in RefSeq refFlat (Supplemental Dataset). The novel isoforms resulted from various events such as alternative promoter usage, alternative splicing, and alternative cleavage and polyadenylation.
The 871 novel transcripts (Supplemental Dataset) that changed expression with CR were further analyzed to identify some of the most common types of alternative events that give rise to new isoforms. To ensure that they are novel, transcripts were checked against the combined mainstream transcript databases of RefSeq, UCSC, Ensembl, and VEGA annotations, using the BEDTools suite (25) . This analysis revealed that the majority of the novel transcripts (854 of the 871) had a 5= exon and/or 3= exon that did not overlap with any annotated 5= untranslated region (UTR) or 3= UTR in the combined transcript databases. The 5= exons of the novel isoforms were further selected to be at least 200 bp away from any known 5= UTR. Thus, this category of novel transcript includes transcripts with alternative leader exons that arose from alternative promoter usage, transcripts with alternative last exons that arose from alternative cleavage and polyadenylation, or both types of alternative events occurring in the same transcript. Other types of observed alternative transcripts included novel exons that were absent from annotated transcripts, or known exons that were excluded in novel transcripts. Other transcripts, not included in the categories described so far, were characterized as novel because they were the products of alternative 5= splice site and/or alternative 3= splice site events. It should be noted that novel transcripts with an alternative leader exon and/or alternative last exon, and novel transcripts with excluded exons, can also harbor alternative 5= and 3= splice site events.
Examples of alternate transcript events are illustrated in Figs. 4 -6. Slc41a3 has two primary transcripts annotated in RefSeq. A novel third primary transcript with two isoforms (isoform-a and isoform-b, Fig. 4 ) was identified by Cufflinks; both isoforms were initiated at a novel transcription start site. The second exon was included in isoform-a and excluded from isoform-b. The novel alternative transcription initiation site is supported by the presence of novel downstream junctions and the lack of upstream junctions in both control and CR samples. RT-PCR amplified an appropriately sized 190 bp product from muscle cDNA that validated isoform-a, which includes the second exon (Fig. 3D) . When a primer specific to exon 3 ( Fig.  4) was used, PCR yielded a 446 bp product that further validated isoform-a and an additional 143 bp product that validated isoform-b, which excludes the second exon. No amplification products were obtained when the same primers The change in gene expression identified by mRNA-Seq were confirmed with qPCR by comparing mRNA levels from old control and old CR samples. We also added a young control group to measure the age effects on fasn muscle expression (n ϭ 4 for each of the 3 groups). CR induced fasn expression, but age did not affect it. mRNA levels were normalized to GAPDH control. B: qPCR validation of the differential expression of igfn1. The change in gene expression identified by mRNA-Seq were confirmed with qPCR by comparing mRNA levels from old control and old CR samples. Age increased igfn1 expression, but CR suppressed the age-associated increase. C: Western blots showing the level of fasn, igfn1, and pan-actin in protein samples extracted from the skeletal muscle of old control and old CR mice (n ϭ 3 for each group). D: expression and splicing of the novel exon in the Slc41a3 gene locus shown in Fig. 4 . The forward primer specific to exon 1 (F1) and reverse primer specific to exon 2 (R1) were designed to amplify a 190 bp product from isoform-a which includes the second exon. The forward primer specific to exon 1 (F1) was also used with a primer specific to exon 3 (R2) to amplify a 446 bp product that further validated isoform-a, and a 143 bp product that validates isoform-b, which lacks the second exon. The lanes are labeled as M (muscle cDNA) and L (liver cDNA). Neither isoform is expressed in the liver. E: expression and splicing of the novel exon in the Slc37a4 gene locus shown in Fig. 5 . The primers amplify a 599 bp product from genomic DNA (lane G), a 122 bp PCR product from muscle cDNA (lane M) when the novel exon is expressed and included in the transcript, and a 59 bp PCR when the novel exon is excluded. Both isoforms were expressed in the liver (lane L), but only the transcript that included the novel exon was expressed in muscle. A pair of primers to amplify cDNA of glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as a control. F: expression and splicing of the novel leader exon in the Lmo7 gene locus shown in Fig. 6 . The primers amplify a 763 bp product from genomic DNA (lane G) and a 157 bp PCR from muscle cDNA, verifying the expression and splice junction of the novel exon. G: expression of the leader exons of the novel isoforms b and d in the Dcaf8 gene locus shown in Fig. 9 . A forward primer (F1) that maps to an intronic region of the RefSeq canonical Dcaf8 is designed to be specific to exon 1 of the novel isoform-b. The primer F1 amplifies a 188 bp product from muscle cDNA when used with a reverse primer specific to exon 2 (R1), verifying the expression of the novel leader exon of isoform-b. A second forward primer (F2), downstream of F1 amplifies a shorter PCR product (120 bp) when used with the same reverse primer R1. Similarly, expression of the leader exon of the novel isoform-d was verified by a forward primer (F3) that maps to an intronic region of the RefSeq canonical Dcaf8, designed to be specific to exon 1 of isoform-d. The primer F3 amplifies a 289 bp product from muscle cDNA when used with a reverse primer (R2) specific to exon 2 of isoform-d, verifying the expression of the novel leader exon of isoform-d. A second forward primer (F4), downstream of F3 amplifies a shorter PCR product (215 bp) when used with the same reverse primer R2. Primer sequences are shown in Supplemental Table S11. were used with liver cDNA. In another gene, Slc37a4, Cufflinks identified an exon not present in the annotated transcript databases but conserved in mammals (Fig. 5 ). Upstream and downstream novel junctions that give further support to the new exon were also detected. RT-PCR validated the expression of the novel exon by amplifying an appropriately sized product from muscle and liver cDNAs; this is the sole PCR product in muscle, but only a minor product in liver where the RefSeq annotated isoform is dominant (Fig. 3E) . Another example is an alternative leader exon isoform of Lmo7 mRNA (Fig. 6) . The novel first exon is conserved in mammals, is not annotated in the mainstream UCSC transcripts databases, and is supported by the presence of downstream novel junctions and the lack of upstream junctions in both control and CR samples. Expression and splicing of the novel exon were confirmed by an appropriately sized PCR product (Fig. 3F) .
Regulation Dynamics of the Genes Differentially Expressed by CR
To characterize the types of regulation governing the gene expression patterns induced by CR in the muscle, we classified the differentially expressed genes into groups based on whether a gene featured a single or multiple primary transcripts and whether there was differential promoter usage within genes with multiple transcription start sites and/or differential splicing within primary transcripts. This scheme (Fig. 7) allows classification of the differentially expressed genes according to the underlying regulatory mechanism: change in mRNA abundance, alternative splicing, or both. Cufflinks/Cuffdiff quantifies differential splicing by measuring the relative abundance of transcripts with a common transcription start site, while differential promoter usage is quantified by measuring the relative abundance of primary transcripts within a gene. We have classified types of regulation into the following categories.
Genes with unchanged total mRNA abundance, but exhibiting isoform switching. CR did not change the abundance of mRNAs derived from many genes. However, Cufflinks/ Cuffdiff revealed that transcripts of some of these genes underwent considerable change (Supplemental Table S2 ). The underlying mechanism for isoform switching could be differential splicing, promoter switching, or a more complex mix of both mechanisms. For example, the abundance of Dcaf8 mRNA does not change with CR (Fig. 8A) , but the isoforms of Dcaf8 mRNA change markedly. The Dcaf8 gene generates three primary transcripts: TSS1, the canonical transcription start site, produces two alternatively spliced isoforms (isoform-a and -b), TSS2, and TSS3, which are processed into a single isoform each (isoform-c and -d, respectively) (Fig. 9) . CR is associated with the presence of a novel mRNA isoform that is nearly absent in control muscle; this novel isoform (isoform-d) is transcribed from a region just 5= to the seventh exon of the RefSeq canonical isoform and so lacks the first six exons of the canonical isoform. Moreover, CR induced the disappearance of one of the alternative splicing isoforms of TSS1 (isoform-a) (Fig. 8A , Supplemental Table S2 ; P ϭ 0.0), while it slightly increases the levels of isoform-b. Expression of the novel leader exons of isoform-b and -d was confirmed by appropriately sized PCR product (Fig. 3G) . CR changed the usage of two of the transcription start sites: TSS1 declined in activity, while TSS3 that is barely used in control muscle was readily apparent in CR (Fig. 8A , Supplemental Table S2 ; P ϭ 0.0). Thus while the abundance of total Dcaf8 mRNA did not change with CR, its isoforms underwent a combination of significant changes that resulted in isoform switching: disappearance of isoform-a and appearance of isoform-d.
Differentially expressed genes featuring a single primary transcript processed into a single isoform. CR differentially regulated 116 genes featuring a single primary transcript processed into a single isoform (Supplemental Table S3 ); 56 genes A: complex isoform switching in Dcaf8 transcripts. While CR does not change total Dcaf8 mRNA levels, it induces the appearance of one isoform and disappearance of another. Dcaf8 generates primary transcripts from three alternative promoters (TSS1, blue; TSS2, red; TSS3, green). The primary transcript TSS1 is alternatively spliced into 2 isoforms (dark blue and light blue: a and b), while TSS2 and TSS3 are processed into a single isoform each (c and d, respectively). Total Dcaf8 mRNA level is not changed by CR; TSS2 (red) is also unchanged, but proportions of TSS1 (blue) and TSS3 (green) change markedly. Although total TSS1-derived mRNA declines by only about half, this change is completely accounted for by the disappearance of one of the TSS1-derived isoforms (isoform-a); the other isoform (isoform-b) slightly increases in abundance. B: CR is associated with promoter switching in the Cyb5r1 gene. Cyb5r1 generates 3 transcripts each, arbitrarily labeled TSS1, TSS2, and TSS3, that are initiated at 3 different transcription start sites (TSS). The TSSs mark the isoforms initiated at each of the three promoters. The y-axis shows total mRNA abundance, with the colors within the bars indicating the proportion of the total made up by each TSS isoform (TSS1, blue; TSS2, red; TSS3, green). Use of the TSS marker shows that the difference in Cyb5r1 expression levels between control (CON) and CR resulted from differential promoter usage. Changes in absolute Cyb5r1 gene expression in the CR muscle are due to increased use of TSS2: TSS1 and TSS3 do not change, but use of TSS2 is dramatically increased in the CR muscle. C: Furin gene also uses 3 alternative TSSs (TSS1, blue; TSS2, red; TSS3, green). Changes in absolute Furin gene expression in CR muscle result from decreased use of TSS2 and TSS3: TSS1 levels are stable, while TSS2 makes up a smaller proportion of the total and TSS3 is nearly absent. D: CR regulates both promoter preference and alternative splicing of Nol7 transcripts. Nol7 generates 2 primary transcripts, TSS1 and TSS2, from alternative promoters (TSS1, blue; TSS2, red). The primary transcript TSS1 is alternatively spliced into 2 isoforms (dark blue and light blue), while TSS2 is processed into a single isoform. Total Nol7 mRNA is upregulated in CR muscle; the increase is accounted for by increased TSS2, indicating that expression has been increased by use of an alternative promoter. The total TSS1-derived transcript does not change significantly with CR, but there is a large decline in abundance of one TSS1-derived isoform (dark blue), and a corresponding increase in the abundance of the other (light blue). E: regulation of the Dupd1 gene by CR involved reduced abundance of both alternative transcripts. Dupd1 generates 2 primary transcripts (TSS1, blue; TSS2, red), which are processed into a single isoform each. CR downregulates both Dupd1 mRNA isoforms. F: regulation of the Dhx32 gene by CR. Dhx32 generates 2 primary transcripts (TSS1, blue; TSS2, red) from alternative promoters. TSS2 is alternatively spliced into 2 isoforms (dark red and light red), while TSS1 is processed into a single isoform. Total Dhx32 mRNA is downregulated in CR muscle: both TSS1 (blue) and TSS2 (red) are decreased, but the decrease in TSS2 is accounted for entirely by decrease in one of the TSS2 isoforms (light red), while the other TSS2 isoform (dark red) actually shows a dramatic increase.
were upregulated and 60 downregulated. Since each single primary transcript produced a single isoform (i.e., no alternative splicing), CR changed the expression levels of these genes by modulating either their rates of primary transcription or the stability of the mRNAs (or both).
Differentially expressed genes featuring a single primary transcript processed into multiple isoforms. CR differentially regulated 59 genes featuring a single primary transcript processed into more than one isoform (Supplemental Table S4 ). However, only two of these genes were differentially spliced; the CR-induced change in the expression of these two genes could be accounted for by changes in splicing, transcription rates, or mRNA stability. In the remaining 57 genes, there was no significant differential splicing; thus, the differential gene expression between control and CR muscles resulted from changes in rates of primary transcription or mRNA stability.
Differentially expressed genes with multiple primary transcripts processed into a single isoform each: differential promoter usage. For some genes with multiple primary transcripts, Cufflinks/Cuffdiff also revealed significant differential promoter usage induced by CR. The mode of regulation of these genes was further characterized according to whether their primary transcripts were processed into single or multiple isoforms; this identifies possible differential splicing in addition to the differential promoter usage. For those genes in which the primary transcripts were processed into a single isoform each (i.e., no alternative splicing; Supplemental Table S5), the difference in the whole gene expression level between control and CR arose from differential promoter usage only. For example, Cyb5r1 and Furin genes each generate three primary transcripts (Fig. 8) . The overall level of Cyb5r1 mRNA increased in CR muscle (Fig. 8B , Supplemental Table  S5 ; P ϭ 0.0003), while the expression of Furin gene decreased (Fig. 8C , Supplemental Table S5 ; P ϭ 0.00002). Furthermore, CR significantly changed the promoter preference in both Cyb5r1 and Furin genes (Supplemental Table S5 , P ϭ 0.00 for Cyb5r1 and P ϭ 0.01 for Furin). Differential promoter usage is indicated by the significant changes in relative abundances of the primary transcripts (Fig. 8, B and C) . Expression of the primary Cyb5r1 transcript TSS2 increased significantly in the CR muscle, while the expression of the other two primary transcripts remained unchanged (Fig. 8B) . The switch in promoter preference made TSS2 the dominant primary transcript of Cyb5r1 gene in the CR state. The Furin TSS3 promoter became less preferred in the CR state, followed by TSS2, while the expression of Furin TSS1 was not affected by CR (Fig. 8C) . Thus, the CR-associated promoter switch produced transcripts that could be functionally specific to CR and potentially important for mediating its effects.
Differentially expressed genes with multiple primary transcripts processed into multiple isoforms each: combined differential promoter usage and differential splicing regulation. Differences in the gene expression levels between control and CR can result from more complex regulation patterns combining promoter preference and differential splicing (Supplemental Table S6 ). This complex mechanism is illustrated by the regulation of the Nol7 gene (Fig. 8D) . Nol7 generates two primary transcripts, TSS1 and TSS2. The overall abundance Nol7 mRNA increased in the muscle of CR mice (Fig. 8D , Supplemental Table S6 ; P ϭ 0.00). CR also significantly changed Nol7 promoter usage (Supplemental Table S6 , P ϭ 0.0009) as reflected by the significant changes in relative abundances of its primary transcripts (Fig. 8D) . Furthermore, the primary transcript TSS1 was alternatively spliced into two isoforms. CR induced differential splicing of the TSS1 primary transcript (Supplemental Table S6 , P ϭ 0.0004) as reflected by the significant change in relative abundances of its splicing isoforms (Fig. 8D) . Thus, CR decreased the abundance of an isoform that was dominant in the control state, while it increased the abundance of another isoform which was scarce in the control state.
Differentially expressed genes with multiple primary transcripts exhibiting no promoter preference. In some cases, genes with multiple primary transcripts were differentially regulated by CR, but without affecting promoter usage (Supplemental Table S7 ). For example, regulation of Dupd1 by CR involved decreased abundance of both alternative transcripts (Fig. 8E) . CR also regulated genes in which multiple primary transcripts were processed into multiple isoforms each (Supplemental Table S8 ), resulting in more complex patterns that combine changes in transcript abundance and splicing as illustrated by the regulation of Dhx32 (Fig. 8F) . Dhx32 generates two primary transcripts, TSS1 and TSS2. The abundance of total Dhx32 mRNA decreased in CR muscle (Fig. 8F , Supplemental Table S8 ; P ϭ 0.00). CR did not alter the relative promoter usage as reflected by the equal changes in relative abundances of TSS1 and TSS2; thus the decreased expression of Dhx32 resulted from a parallel decrease in transcription of TSS1 and TSS2, or stability of these mRNAs. The primary transcript TSS2 is alternatively spliced into two isoforms. CR induced differential splicing of the primary transcript TSS2 (Supplemental Table S8 , P ϭ 0.000004) as reflected by the significant change in relative abundance of its splicing isoforms (Fig. 8F) . CR increased the abundance of an isoform that is nearly absent in the control state, while it decreased the abundance of the second isoform.
Ontological Pathways Regulated by the Genes Differentially Expressed in the CR Muscle
To identify biological pathways potentially underlying the effects of CR on skeletal muscle physiology, we functionally annotated the genes that are differentially expressed between control and CR muscle (those listed in Supplemental Table  S1 ), using DAVID and GO. This analysis took into account only the total abundance of mRNA from each gene, and not the alternative isoforms discussed above: because the distinct functions of these isoforms are not established, GO has no way to use information on isoform expression. Genes downregulated by CR produced six clusters that have enrichment scores Ͼ1.3 ( Table 1 ). The most highly enriched downregulated pathways in the CR muscle included processes that control the actin cytoskeleton (arrangement, assembly, or disassembly of cytoskeletal structures containing actin filaments), pathways of protein breakdown initiated by ubiquitin attachment and mediated by the proteasome, and pathways involved in muscle tissue development. Other enriched biological processes suppressed by CR included processes that mediate cellular response to oxidative stress and pathways that control the breakdown of hydrogen peroxide.
Genes upregulated in CR muscle were organized into four significant annotation clusters (Table 2) ; the most significant associations were with pathways that generate precursor metabolites from which cells derive energy by oxidation. CR also stimulated additional energy-related pathways in the muscle, including electron transport chain, cellular respiration, and the KEGG pathway "oxidative phosphorylation." Another class of pathways that was stimulated in the CR muscle involved lipid biosynthetic processes, in particular, fatty acid biosynthesis. An enrichment score (ES) of 1.3 is equivalent to a nonlog scale value of 0.05. Count refers to the gene members that belong to an annotation term. Fisher Exact P value represents the degree of enrichment of the Gene Ontology (GO) term. CR, caloric restriction.
Ontological Pathways Regulated by the Genes That Display Isoform Switching in the CR Muscle Without a Change in Total mRNA Abundance
One group of genes, shown in Supplemental Table S2 , showed changes in isoforms without a change in abundance of total mRNA from the gene. Functional annotation and clustering analysis of these genes (Supplemental Table S9 ) shows that many fall into the same ontological pathways associated with the genes that are differentially expressed at the level of total mRNA abundance. This is significant because it suggests that isoform switching itself is associated with functional changes related to the effects of CR.
Validation of CR-associated Changes in Gene Expression
Our mRNA-Seq studies were carried out on muscle from one control and one CR mouse. The version of Cufflinks/ Cuffdif used in our analysis [Tophat v1.2.0 (29) ] is designed to compare single specimens, by assuming that there is no true differential expression for most genes and that a valid meanvariance relationship can be estimated from treating the two samples as if they were replicates. While this approach may yield fewer differentially expressed genes due to loss in statistical power, as described above it seems to reveal CR-associated changes in gene expression occurring in certain ontological pathways. To validate changes in these pathways with an independent method, we used qPCR to assay CR-associated changes in mRNA levels of 14 genes. We selected at least one gene from each of the functional annotation clusters (listed in Tables 1 and 2 ) of GO biological processes regulated in the skeletal muscle by CR and carried out qPCR in the same muscle samples used for the Illumina sequencing and in additional muscle samples from aged control and aged CR mice (n ϭ 3) (Fig. 10) . This analysis confirms the up-and downregulation seen in the RNA-Seq analysis, although the magnitude in changes is not precisely the same.
Atrophy-induced Gene Expression Changes Potentially Hindered by CR in Skeletal Muscle
Muscle atrophy occurs during aging as well as following prolonged bed rest or hind-limb suspension in experimental animals (2) . To determine any potential effects of CR on gene expression counteracting those associated with atrophy, we contrasted genes whose expression is increased during atrophy to genes that were downregulated by CR in mouse skeletal muscle and vice versa. We used the limma Bioconductor package to generate gene expression profiles from Agilent whole genome array raw data files of skeletal muscle from control and mice with hind-limb suspension obtained from the GEO repository GSE9802 (22) . Even though microarrays have a narrower dynamic range than mRNA-Seq and detect fewer expressed genes, we found 97 genes that were inversely regulated in atrophied skeletal muscle and muscle from CR mice (Supplemental Table S10 ).
DISCUSSION
We have used mRNA-Seq to compare the transcriptomes of skeletal muscle from old mice and old mice subjected to CR; For abbreviations and definitions, see Table 1 footnote. this analysis considerably broadens the set of genes whose expression is affected by CR, in terms of either total mRNA expression or the expression of alternative mRNA isoforms. mRNA-Seq measures transcript abundance, determines differential gene expression between experimental conditions, and resolves the abundance of multiple isoforms of an mRNA, allowing judgments about changes in mRNA abundance and posttranscriptional regulatory events (30) . Compared with microarrays, mRNA-Seq yields more accurate and sensitive measurement of mRNA levels, identifies novel transcripts and isoforms, and detects expression of rare mRNAs. Despite these advantages, mRNA-Seq has its limitations and is still a work in progress (26) . Various confounding factors, experimental and computational, are still being resolved: these include transcript length bias in estimating mRNA abundance, sequence base composition, and the handling of reads that align to multiple positions in the genome (14, 19, 32) . Our mRNA-Seq results in general support findings made with microarrays but reveal previously unsuspected complexity in the effects of CR on gene expression. In a very large number of cases, the most prominent change is not the total abundance of mRNA derived from a gene, but the proportions of isoforms that may encode different functions (when they involve protein coding regions) or different mRNA metabolism (when they involve 5= and 3= UTRs).
Our mRNA-Seq analysis identified novel exons and splice junctions not previously annotated in transcript databases, which adds a layer of information lacking in prior gene expression studies that relied on annotated gene models to design microarray features. We detected 871 novel isoforms of known genes that were differentially expressed in CR and control muscle; the generation of these isoforms involves alternative promoter usage, alternative splicing, and alternative cleavage and polyadenylation. The use of alternative promoters creates flexibility and complexity in the regulation of gene expression and can yield protein isoforms that differ at the amino terminus and respond differently to extracellular signals (4) . The significance of these novel isoforms is supported by functional annotation of genes that undergo CR-associated isoform switching without a change in total mRNA abundance: many of these genes fall into the same functional clusters as the genes that undergo changes in mRNA level (Supplemental Table S9 ).
A gene may undergo substantial transcript-level dynamics that are not reflected into its overall expression pattern as reflected in total mRNA abundance and so would not be discovered by methods other than mRNA-Seq. For example, while the global expression level of Dcaf8 did not change, Cufflinks/Cuffdiff analysis of the mRNA-Seq data revealed that CR is associated with the presence of a novel mRNA isoform that is nearly absent in control muscle (Figs. 8A and 9; isoform-d) and also with the absence of a Dcaf8 mRNA isoform ( Figs. 8A and 9 ; isoform-a) that is prominent in control muscle. Each of these isoforms may have some functional difference from the canonical form. Dcaf8 is a member of the DCAF protein family, whose members serve as substraterecognition subunits in the ubiquitin ligase complex to target specific proteins for ubiquitination and proteasome-mediated degradation. The targets recruited by Dcaf8 have not yet been identified, but other DCAF proteins that recruit targets such as c-Jun and Cdt1 have been described (18) . The upregulation of one isoform of Dcaf8, concurrently with the suppression of another, may reflect a change in protein function with significant biological impact. Dcaf8 is merely one example of this CR-associated isoform switching, which often takes place along without a change in total message abundance (Supplemental Table S2 ). mRNA-Seq analysis thus reveals complex changes that may mediate, or result from, the effects of CR.
To further understand the biological meaning of the genes differentially expressed by CR in the skeletal muscle, we used functional annotation to identify the most relevant biological processes and pathways associated with the differentially expressed genes. Functional annotation and clustering analysis are powerful tools to understand the biological significance of changes in gene expression on large datasets (16) . Nevertheless it is important to keep in mind the limits of this method: a focus on functional annotation and clustering can obscure the significance of expression changes in genes that may have important functions but do not fit into a cluster because other functionally related genes are not affected. Of the 264 genes downregulated in CR muscle, 93 map to one or more of the clusters in Table  1 , leaving 171 genes whose expression is downregulated but do not have known functions in common with other genes downregulated in this dataset. Furthermore, only 56 of the 171 genes upregulated in CR muscle map to one or more of the clusters in Table 2 , leaving 115 that do not have known functions in common with other genes upregulated in this dataset. Thus the majority of the genes whose expression is changed in association with CR do not have obvious functions in common; however, they might still have functions that are critical, and even causal, in the functional changes associated with CR.
While much of our functional annotation serves to confirm and extend earlier work that used microarray-based expression profiling, there are differences and additions that add to the picture, and as discussed above the ability to resolve isoform switching adds new complexity. The only pathways that are significantly upregulated (enrichment score Ͼ1.3) function in the generation of energy by oxidation and other energy-related pathways including electron transport, cellular respiration, and oxidative phosphorylation; fatty acid synthesis is also upregulated. Upregulation of lipid biosynthesis pathways in CR muscle was also observed in skeletal muscle microarray profiling studies (17) . Muscle is a nonlipogenic tissue; conversely, in the liver, CR has been shown to decrease the liver enzymatic capacity for fatty acid biosynthesis and increase fatty acid oxidation (8, 9) . Measurement of whole body fatty acid synthesis and oxidation rates revealed that CR induced a cyclic pattern of fatty acid synthesis and oxidation with an increase of fatty acid synthesis after feeding followed by an increase of fatty acid oxidation, leading to the conclusion that whole body fatty acid oxidation in CR mice exceeds the dietary fat intake, and CR increases fatty acid synthesis to balance this excess (7) . Our finding that CR stimulated lipid biosynthesis pathways in the muscle of CR mice is compatible with this conclusion; it may be part of this fatty acid synthesis balancing mechanism. The cyclic pattern of increased fatty acid synthesis and oxidation may reflect the highly efficient metabolic flexibility of the CR state. Consistently, CR is known to postpone metabolic disorders (obesity, insulin resistance syndrome, and diabetes) that are associated with metabolic inflexibility, i.e., inability of skeletal and cardiac muscles to shift readily back and forth between carbohydrate and fat as oxidative energy sources (28) .
On the other hand, pathways downregulated in CR muscle included processes that control actin cytoskeletal structures, protein breakdown, cellular response to oxidative stress, and pathways involved in muscle tissue development. CR effects on genes involved in protein breakdown and oxidative stress were noted in previous studies (17) , but the other pathways were not; the discrepancy is probably accounted for by the greater sensitivity of mRNA-Seq and functional annotation. CR is associated with increased expression of genes that encode thin filament proteins, including elements of the troponin complex and its associated tropomyosin (Tnni1, Tnni2, Tnnc1, Tnnc2, Tnnt3, and Tpm1). The troponin complex acts as the calcium-sensitive molecular switch-regulating contraction. Other thin filament gene products affected by CR include Capza2, a capping protein that regulates actin assembly, and Nrap, a striated muscle-specific scaffolding protein involved in myofibril assembly. CR also increased the expression of genes that encode thick filament proteins, including components of the myosin motor (Myl1, Myl2, Myl3, Myh7, and Mylpf) and Mybph, which encodes for an accessory protein that contributes to the assembly and stabilization of thick filaments. The increased expression of numerous contractile apparatus genes may suggest that CR is associated with skeletal muscle contractile properties that enhance muscle strength and function. The CR-associated expression changes in some of these genes (Tnni1, Tnnc1, and Myl2) were validated with qPCR in the same muscle samples used for the Illumina sequencing and in additional muscle samples from aged control and aged CR mice (n ϭ 3) (Fig. 10) . CR also downregulated the expression of genes known to mediate muscle atrophy, which results from a variety of conditions including muscle inactivity, multiple disease states, and aging. Mainly, CR decreased the expression of the muscle-specific ubiquitin ligases, Fbxo32 (also known as atrogin 1 or MAFbx) and Trim63 (also called MuRF1), which are members of E3 ubiquitin ligases that bind particular substrates to induce ubiquitin binding and degradation of the substrates through the proteasome. The CR-associated downregulation of both Fbxo32 and Trim63 were validated with qPCR in the same muscle samples used for the Illumina sequencing and in additional muscle samples from aged control and aged CR mice (n ϭ 3) (Fig. 10 ). MuRF1 and MAFbx are markers of the atrophy process; they have been shown to be induced in multiple models of skeletal muscle atrophy and cachexia (6, 12, 13) . As for substrates, MuRF1 acts by degrading components of the contractile apparatus. Interestingly, the expression of Myl2, a substrate of MuRF1, was higher in the CR than in the control muscle. Myl2, a regulatory protein essential for myofibril integrity and function, was shown to undergo ubiquitin-proteasome-mediated degradation in atrophying muscle (10) . Thus, the lowered expression of MuRF1 combined with the enhanced expression of Myl2 may reflect a well-maintained myofibrillar apparatus in the muscle of CR mice and suggests that CR may delay the age-associated sarcopenia by, at least in part, regulating the expression of these genes.
Taken together, the effects of CR on muscle gene expression may as a whole be reflective of a healthier myocytes, consistent with its antisarcopenic effects. The evidence suggestive of improved function in CR muscle raises the issue of causality.
None of the CR-associated changes in gene expression that we and others have described have been established as causing the beneficial effects on muscle physiology; it is simpler to assume that they are part of improved muscle function rather than its cause. Functional annotation and clustering are useful for identifying common pathways affected by an insult or intervention. But all of the changes we have identified could reflect merely the effects of changes in as yet unidentified functions performed by the products of genes that are not included in any of the clusters we find. As discussed above, many genes whose levels or isoforms are changed in association with CR do not fall into a functional cluster, but this does not mean that they have no important function. One or more of these genes might have a more direct role in mediating CR's effects on muscle physiology. The deeper understanding of gene regulation facilitated by mRNA-Seq and functional annotation may suggest new approaches that will advance the goal of identifying the primary effects of CR on muscle and other tissues.
